Summary. The relationship between diabetes and the morphological alterations which occur in hypothalamic and ovarian tissue was examined in the long-term, ketonuric-diabetic Chinese hamster. Matched diabetic and non-diabetic control hamsters were inspected daily for changes in the reproductive cycle by vaginal lavage. On dioestrus, animals were perfused, the hypothalamus and ovaries collected, prepared for microscopy and morphometrically analyzed. The nuclei in the medial basal hypothalamus of diabetic hamsters exhibited a decreased area (p < 0.01) and neuronal population (p < 0.05-0.01) compared with controls. The ovaries of the diabetic animals had a reduced follicular population (p ~< 0.05) and an increased atresia rate (p ~< 0.05) compared with controls. In addition, all diabetic hamsters were acyclic. In diabetic animals, the corpora luteal cells contained a reduced lipid content (p ~< 0.001) which was possibly functionally related to a significant decline in serum progesterone levels (p ~< 0.01). Based on these results it is suggested that the hypothalamic-ovarian axis is both morphologically and functionally impaired in the diabetic hamster.
Experimentally induced destruction of the nuclei in the medial-basal hypothalamus leads to obesity, hyperphagia, hyperinsulinaemia and autonomic neuropathy similar to that associated with diabetes [1~] . In particular, the ventromedial and arcuate nuclei are also recognized to be involved in regulating the hypothalamic-pituitaryovarian axis in several species [5, 6] , including the hamster [7, 8] . These nuclei respond physiologically to direct infusions of glucose [9] and insulin [10, 11] and also contain neurons which concentrate ovarian steroid hormones [6] . An association between reproductive acyclicity and hypothalamic neuropathy, especially in the ventromedial hypothalamic nucleus [12] , suggested that the diabetes-associated alterations in hypothalamic regions known to be involved in both ovarian and pancreatic endocrine feedback systems, may be causally related. The following study was undertaken in order to determine: (1) if changes in hypothalamic nuclear area, neuron number or cell density were associated with reproductive dysfunction and (2) the effects of diabetes on ovarian structure and function in the genetically diabetic Chinese hamster.
Materials and Methods
Adult female genetically diabetic Chinese hamsters from the Upjohn Company colony were housed individually under controlled photoperiod (14 h light/day) and environmental conditions (23 o C). Each ketonuric diabetic hamster was matched with a non-diabetic control for age, sex and body weight (27~45 g). Purina Mouse Breeder chow and water were available ad libitum. The reproductive cycle was assessed by daily vaginal lavage, with the presence of a mucous plug used to denote estrus. All diabetic animals exhibited elevated urine glucose levels (+ 4, Ketodiastix) for at least 420 days before the onset of the experiments and elevated urine ketone levels for 140 300 days. The animals were observed for changes in their reproductive cycle, urine glucose and ketone levels for at least 3 weeks before sacrifice.
On the day of dioestrus, a 1.0 ml blood sample was collected by intracardiac puncture for analysis of glucose and ovarian steroid hormone levels in all animals. Blood samples were allowed to clot, centrifuged and the serum stored at -20 ~ until assayed. Serum glucose levels were analyzed using an autoanalyzer and serum progesterone and oestradiol levels were estimated by radioimmunoassay as described previously [13] . All samples for steroid analysis were run in duplicate in single assays. Progesterone assay sensitivity ranged between 5 and 500 pg with an intra-assay variability of ~< 8%. The intra-assay variability for oestradiol was ~ 5%, with a lower sensitivity limit of I 0 pg. All values were corrected for procedural loss and recovery.
Following blood collection, the hamsters were anaesthetized with an I P injection of nembutal (0.02 ml) and perfused via the aorta (gravity 0012-186X/82/0023/0275/$01.00 
(n = 6)
All values are expressed as mean _+ SEM. ap < 0.05; bp < 0.001 feed system) with 15 ml of physiological saline followed by 75 ml of cold 2.5% gluteraldehyde in 0.075 mol/1 cacodylate buffer (pH 7.3). After perfusion, the brain and ovaries were removed for processing. Pieces of the hypothalamus were embedded in paraffin using conventional techniques. Serial sections (8 > thickness) were cut and stained with cresyl-violet for light microscopic analysis. Ovaries were embedded in plastic for transmission electron microscopy. Thick sections 1 g) were stained with toluidine blue for light microscopic analysis and thin sections (75 mu) used for electron microscopic analysis. Brain sections were systematically scanned from rostral to caudal limits and the mid-point of each hypothalamic nucleus localized. In this manner, all nuclear regions were compared for neuronal differences between matched diabetic and control groups. The mid-point of each hypothalamic nucleus was photographed and enlarged ( x 70) for analysis. The boundaries of each nucleus were identified and its area determined using a light fibre optic coupler and 9874 A digitizer connected to a Hewlett-Packard 9845 B computer. The absolute number of neurons at the mid-point of each nucleus was then determined by counting each cell which possessed a distinct nucleolus. The density of neurons/unit area of each nucleus was thus calculated and the results expressed as neurons/iTIm 2 area of nucleus.
The analysis of ovarian tissue was performed in a similar manner as used for hypothalamic determinations. Three cross-sections were selected from the middle region of each ovary, photographed and enlarged for analysis. The area of each ovarian cross-section was computed using the digitizer. The population of primary (~< 0.02 mm diameter), secondary (0.02 0.4 mm diameter), tertiary ( ~ 0.5 mm diameter) and atretic (collapsed zona pellucida) follicles was collected from each photograph (Fig. 1) . The area and number of corpora lutea were collected in a similar manner. By electron microscopic analysis, luteal cell size was determined from enlarged micrographs. The percentage of luteal cell area populated by lipid droplets was analyzed by measuring the area of each complete luteal cell and the total area occupied by lipid using the computer and digitizer system. All values were grouped as either diabetic or control and expressed as mean + SEM. Intergroup differences were calculated using the Student's t-test, with p ~< 0.05 considered as significant.
Results
No significant differences were observed in body, brain or ovarian weights between control and diabetic groups. All control hamsters exhibited a normal, 4-day oestrous cycle, while all the diabetic animals were acyclic. Both urine glucose and ketone levels were elevated in diabetic hamsters compared with the matched controls and serum glucose levels were significantly elevated in the diabetic group (25.96 + 1.69 versus 6.88 + 0.64 mmol/1 for control animals; p < 0.001).
Hypothalamic Analysis
Analysis of nuclear area, absolute cell numbers and neuronal cell density in various hypothalamic nuclei is summarized in Table 1 . Significant differences were observed in either the nuclear area or cell number between control and diabetic hamsters in the anterior, paraventricular, ventromedial, dorsomedial, arcuate and premammillary nuclei. The depression in these parameters in the diabetic hamsters was most pronounced in the medial basal hypothalamus, which consists primarily of the ventromedial, dorsomedial and arcuate nuclei. However, only the dorsomedial and premammillary nuclei exhibited significant reductions in their cell density measurements (Table 1 ). The reduced area of the other nuclei, in association with a comparable or lowered neuron population, accounted for the similar cell density measurements found between groups (Table 1) .
Ovarian Analysis
Definite differences in follicular populations were observed between control and diabetic hamster ovaries (Fig. 1) . No differences were calculated for the absolute number of primary or tertiary follicles for either group. However, there was a significant reduction in the number of secondary follicles in the diabetic group as well as a significant increase in the atretic follicle population in this group. In contrast, no differences were observed in the number of corpora lutea per ovary between groups (Table 2) , although the area of each corpus luteum was increased in the diabetic animals. However, the lowered serum progesterone levels in the diabetic hamsters indicated that their corpora lutea were not totally functional (Fig. 2) . No differences were observed in serum oestradiol levels between groups (Fig. 2) .
In order to evaluate the functional disability of the diabetic hamster corpora lutea, the amount of lipid stores in the luteal cells was determined for group comparisons. From electron micrographs, is was obvious that the lipid content of luteal cells in the diabetic animals was greatly reduced compared with controls (Fig. 3) . This observation was supported quantitatively by calculating the percentage of cell area occupied by lipid in luteal cells from both groups. The results indicate that the luteal cells of diabetic animals contain approximately one-sixth of the lipid stores available for steroidogenesis in the control group (Table 2) .
Discussion
The present report is the first morphometric evaluation of the hypothalamic nuclei in the Chinese hamster and the associated alterations in area, neuronal population and cell density which occur in the long term, ketonuric diabetic state. Interestingly, the major changes were primarily localized to nuclei which have recognized relationships to pancreatic [10] and reproductive [6] function. In particular, the ventromedial and arcuate nuclei are known to be involved in the regulation of pituitary gonadotrophin release [6] , as well as to possess insulin sensitive cells [9, 10, 14] . Alterations in these hypothalamic nuclei may account, in part, for the reproductive dysfunction observed in the diabetic animals in the present studies. In addition, since the ventromedial nucleus is reportedly sensitive to glucose and insulin infusions [9, 10] as well as to circulating ovarian steroid hormone levels [5, 6] , this region may serve as an integrator of multiple feedbackpathways in both the pancreatic and repro- ductive endocrine systems. Since the present study utilized only long term diabetic hamsters, the temporal relationship between the onset of hypothalamic neuropathy and ovarian dysfunction was not evaluated. However, the consistent observation that diabetic animals exhibiting medial-basal hypothalamic abnormalities were also reproductively quiescent, suggests that the hypothalamic-ovarian axis is defective in the diabetic animal.
Morphological and quantitative evaluation of the diabetic hamster ovaries indicated that a reduced num- ber of primary follicles were recruited into the secondary population compared with controls. This observation was consistent with the fact that the number of atretic follicles in the ovaries of diabetics was greater than in matched control hamsters. Functionally, serum oestradiol levels were consistent between groups, suggesting that whatever follicles were recruited for development remained viable. The failure of the diabetic animals to exhibit vaginal cyclicity, however, indicated that ovulation did not occur. No evidence of ovulation sites was ever observed in the ovaries examined from diabetic animals.
The luteal tissue in the diabetic hamster was not maximally functional as indicated by the significantly lower serum progesterone levels in this group compared to control hamsters. The lower serum steroid levels were explained by the observation that the luteal cell lipid pool in the diabetic animals was greatly reduced with respect to control values. The lack of insulin in the diabetic animals [15] probably reduced the amount of glucose entering the luteal tissue for conversion to lipid stores. The lack of lipid, in turn, would limit the steroidogenic capabilities of the corpora lutea as indicated by the lowered serum progesterone levels.
Several studies have indicated that lesions of the medial basal hypothalamus in rodents results in reproductive problems similar to those observed in the present study [7, 8, 10, [16] [17] [18] . This is the first report to document the potential causal relationships between diabetes, hypothalamic changes and reproductive problems in the Chinese hamster. Reproductive problems in diabetic patients are well recognized [19, 20] , however, the underlying cause or site of the problem is often difficult to determine. The genetically diabetic hamster model in these studies affords an excellent opportunity in which to study the temporal and causal relationships between hypothalamic neuropathy and reproductive dysfunction. Previous studies indicated that the hypothalamic neurons which remained in the ventromedial nuclei of chronically diabetic hamsters were viable, based on morphological criteria [12] . It remains to be determined if the hypothalamic neurons in this model possess insulin or glucose receptors and if receptor population shifts occur as diabetes progresses.
In summary, both hypothalamic as well as ovarian changes were morphometrically documented in the long-term, ketonuric-diabetic Chinese hamster. These data suggest that a causal relationship exists between diabetes and several endocrine and autonomic irregularities reported in this species. The interesting localization of hypothalamic neuropathy in the medial basal area and the known regulatory effects of this region on reproductive function indicate that the diabetes-induced changes may result from a block in a neuroendocrine feedback system involving both the pancreas and ovary.
